Does the opening pressure of hydrostatic shunts influence the clinical outcome for patients suffering from idiopathic normalpressure hydrocephalus (iNPH)? Between September 1997 and January 2003, 122 patients with iNPH were surgically treated by implanting a hydrostatic shunt at the Departments of Neurosurgery of the Unfallkrankenhaus Berlin and the University of Homburg/Saar. The results of the clinical examination, the intrathecal infusion test, and the cerebrospinal fluid tap test served as decision aids regarding shunt implantation. As part of a prospective randomized study, all patients were examined before surgery, after surgery, and 1 year after the intervention. Forty-three percent of the patients had a very good outcome, 25% had a good outcome, 20% had a fair outcome, and 12% had a poor outcome 1 year after shunt implantation. Patients treated with an opening pressure rating of 50 mm H 2 O in the lowpressure stage of the gravitational valve showed a statistically significant better outcome than those with an opening pressure rating of 100 or 130 mm H 2 O. Of the valve-independent complications observed after the intervention (11% shunt-related complications), 8 (7%) were dislocations of ventricular or abdominal catheters, 3 (2%) were catheter tear-offs, and 3 (2%) were shunt infections. Of the valve-related complications (10%), 4 patients (3%) suffered underdrainage, 8 patients (7%) showed radiologic signs of overdrainage, and 4 patients (3%) showed symptomatic overdrainage. According to present knowledge, hydrostatic shunts with an opening pressure of 50 mm H 2 O for the low-pressure stage are the optimal therapy option for patients with iNPH. Because of the prompt switching function as soon as the patient changes his or her posture (eg, lying down, standing, sitting), the Miethke Gravity Assisted valve (Aesculap) is more suitable for such cases than the Miethke DualSwitch valve (Aesculap). Can programmable gravitational valves contribute to further optimization of the outcome while minimizing the valverelated complications?
E ven given the most modern neuroradiologic diagnostic methods, the accurate diagnosis and therapy for normalpressure hydrocephalus (NPH) still present a challenge for the clinician. 1 The clinical symptoms such as the first signs of gait ataxia and short-term memory impairments, which are often accompanied by vegetative symptoms (eg, headaches and dizziness under physical strain), must be regarded as rather unspecific. Conversely, the differential diagnostic distinction of these symptoms from dementia illnesses of vascular and degenerative causes (eg, Binswanger disease, Alzheimer disease) is often difficult. 2 Even after an exact diagnosis has been made, surgical therapy remains prone to complications, which has a strong effect on the outcome and the improvement rate for NPH patients. The ''hydraulic mismanagement'' 1 of hydrocephalus shunts involves unphysiologic functioning in the form of overdrainage in a patient standing upright or relative underdrainage when the patient is lying down. With conventional shunts, these effects are technically unavoidable, because such shunts only allow a compromise setting between the requirements for the different postures. 3 Although most younger patients show a considerable clinical tolerance concerning an unphysiologic intracranial pressure (ICP), this presents a major problem for more elderly patients, who often already suffer from vascular damage. [4] [5] [6] [7] O lowpressure stage were implanted at the University Clinics of Homburg/Saar. Thus, we did not introduce any selection of the 3 shunt groups according to clinical and/or radiologic criteria. The results of the clinical examination, the intrathecal infusion test, and the cerebrospinal fluid (CSF) tap test were decision aids for the shunt operation. 8 The mean age of the 67 male (55%) and 55 female (45%) patients was 67 years (range: 29-83 years).
CLINICAL MATERIAL AND METHODS

Diagnostics
After the clinical examination with a diagnosis of a gait ataxia and additional symptoms 9 and the detection of extended ventricles by means of neuroradiologic imaging procedures, the intrathecal infusion test was carried out (Fig. 1 ). The computer-aided dynamic infusion test, which was performed using the constant-flow technique at an infusion rate of 2 mL/min via lumbar puncture with the patient lying down, was used for calculating the ICP-dependent resistance to outflow as a parameter the CSF. 10, 11 A resistance (R out ) of more than 13 mm Hg*min/mL was defined as pathologic. 12 Immediately after the infusion test, a diagnostic CSF drainage of at least 60 mL CSF was carried out. If the clinical symptoms improved within the following 2 to 3 days, shunt implantation was regarded as indicated. If the symptoms, especially the gait ataxia, did not improve, external lumbar drainage was carried out for 2 to 3 days (see Fig. 1 ). If this led to a symptomatic improvement, a gravitational valve was implanted as a ventriculoperitoneal shunt. 13, 14 Operating Mode of the Miethke DualSwitch Valve
The DSV is made up of 2 independent valve chambers: 1 for horizontal posture and 1 for when the patient is standing or sitting up. The respective valve chamber is activated by means of a tantalum ball, which blocks the CSF drainage through the low-pressure chamber of the valve whenever the patient moves to an upright posture of more than approximately 60°to 70°f rom the horizontal position. Only when the intraventricular pressure (IVP) reaches a critical pressure in a vertical posture does the high-pressure chamber of the valve open and thereby prevent any further increase of the pressure (Fig. 2 ).
Operating Mode of the Miethke Gravity Assisted Valve
The GAV is a combination of a ball-cone valve and a gravitational valve. The ball-cone valve, set to a low opening pressure, keeps the patient's IVP within physiologic limits, always keeping the gravitational valve open in the horizontal position. When the patient rises, the gravitational valve is activated automatically, because both balls in the valve drop as soon as the posture of the patient departs by more than approximately 30°to 40°from the horizontal position. The effect is a higher overall shunt opening pressure, because the opening pressure thresholds of both valve mechanisms (ballcone valve and gravitational valve) have to be passed now ( Fig. 3) .
The selection of the opening pressure for the lowpressure stage of both hydrostatic valves depends on which valve is most suitable: low-pressure, medium-pressure, or high-pressure. 5 For vertical posture, the height of the patient (shorter than 160 cm, 160-180 cm, or taller than 180 cm) is the decisive factor. The pressure rating is represented by an arrow on the valve housing pointing to the direction of flow. This coding in the valve housing allows postoperative radiographic checks of the pressure rating. Furthermore, the functionality of the posture switch (tantalum ball) in the DSV can be checked by radiologic imaging with the patient standing up and lying down. 6, 15, 16 The pressure ratings of the hydrostatic shunts (shunt configuration) for all 122 patients with iNPH are shown in Figure 4 .
Clinical Grading
The results of the clinical examinations were graded according to the Black grading scale for shunt assessment (Table 1 ) and the NPH recovery rate based on the clinical grading scale for NPH introduced by Kiefer et al. 17 All graded clinical results were classed in 4 groups. The group with very good outcomes is characterized by an NPH recovery rate $7 points, the group with good outcomes showed an NPH recovery rate $5, fair outcomes mean an NPH recovery rate $2 points, and poor outcomes are those with an NPH recovery rate ,2 points.
NPH Recovery Rate 5
NPH Grading preoperative 2 NPH Grading postoperative Kiefer NPH Grading preoperative 17 310
Statistical Analysis
The statistical evaluations were carried out with a Fisher exact test at an error probability of P = 0.05. 
RESULTS
Outcome
The results of the shunt operation for the 122 patients are shown in Figure 6 . Forty-three percent had a very good outcome, 25% had a good outcome, 20% had a fair outcome, and 12% had a poor outcome 1 year after shunt implantation. In summary, for 83 patients, we could attest to good to very good success of the therapy; for 25 patients, the therapy was fairly successful; and for 15, patients the outcome was poor (see Fig. 6 ).
Complications
Regarding the valve-independent complications after implantation, we found an infection rate of 2%. All patients who suffered a shunt infection had the implant removed. After remediation of the focus of infection, all 3 patients had a new shunt implanted. In 2 cases, the same valve rating of the lowpressure stage was chosen for the renewal implantation as in the initial implantation. In 1 case, a lower valve rating was selected for the low-pressure stage of the DSV. Dislocation of a ventricular catheter necessitated revision in 3 cases, and the drainage tube needed revision in 5 cases because of dislocation into the abdominal wall (7% overall dislocation rate). The abdominal catheter was torn off just under or out of the DSV in 3 patients (2%), which necessitated a surgical shunt revision. The valve-independent complication rate was thus 11% (14 patients).
In neuroradiologic imaging, 4 patients (3%) provided with a DSV showed an apparent reduction of the ventricle size as well as narrow subdural hygromas as a direct sign of overdrainage. In these patients, the subdural hygromas were resorbed within 6 to 8 weeks without giving rise to clinical symptoms. Another 4 patients (3%) developed chronic subdural hematomas with progredient clinical symptoms such as nausea, vomiting, and headache. The chronic subdural hematomas were surgically treated through burr hole trepanation before new shunt systems were implanted. One patient received a shunt revision involving the implantation of a DSV with a higher low-pressure rating of the DSV. Two patients underwent a revision intervention with a Codman Medos Hakim programmable valve plus a Shunt Assistant as a gravitational unit and through implantation of a Codman Medos Hakim programmable valve without a gravitational unit in another hospital, which led to a rapid improvement of the symptoms.
Four patients (3%) showed deterioration in their pathologic findings despite shunt implantation. Computed tomographic imaging showed that the ventricle size had slightly increased in these patients. The intrathecal infusion test confirmed underdrainage from the perspective of CSF dynamics. For these 4 patients, a shunt revision was performed through implantation of a DSV with a lower low-pressure rating. After that, 2 patients showed significant improvement of their symptoms. In the other 2 cases, the clinical pathologic findings did not improve even after the second intervention. Thus, the rate of valve-related complications amounts to 10% (12 patients).
The overall shunt-related morbidity was 21%. Within the study period, 4 patients worsened for reasons unconnected to the shunt implantation (coronary thrombosis or tumor illness unknown at the time of the intervention, 5-7 months after surgery). Another patient died as a result of a pulmonary (Fig. 7) . Nevertheless, it has to be noted that overdrainage only occurred with the DSV and never with a GAV. The valve-independent complications, too, are not correlated with the valve opening pressure rating.
Valve Opening Pressure Rating
The outcome after 1 year was evaluated in relation to the opening pressure rating of the valves implanted ( Fig. 8 ). Twenty-seven patients (53%) with a gravitational valve with a 50-mm H 2 O rating for the low-pressure stage had a very good outcome, and 7 patients (14%) had a good outcome. Twelve patients (23%) and 5 patients (10%), respectively, had a fair or poor outcome. Of the patient group with a Miethke (M)-DSV at a 100-mm H 2 O or 130-mm H 2 O low-pressure stage, 25 patients (35%) experienced a very good outcome, 24 patients (33%) had a good outcome, and 13 patients (18%) had a fair outcome, whereas 10 patients (14%) demonstrated no symptomatic improvement 1 year after the operation. Thus, the statistical analysis shows that the outcome for iNPH patients with a 50-mm H 2 O gravitational valve is significantly better than for those patients who had a gravitational valve with an opening pressure rating of 100-mm H 2 O or 130-mm H 2 O implanted (see Fig. 8 ).
DISCUSSION
Currently, gravitational valves represent the ''gold standard'' in the surgical treatment of chronic hydrocephalus patients. [18] [19] [20] The question as to which valve opening pressure rating is optimal for patients with iNPH is still the subject of active discussion, however.
Outcome
The general improvement rates for patients with NPH after a shunt operation, as quoted in the literature, [21] [22] [23] [24] [25] [26] [27] [28] [29] vary between 31% and 96%, with the average being 53%. Vanneste's meta-analysis 30 arrives at an improvement rate of 30% to 50% for iNPH and 50% to 70% for secondary NPH. A meta-analysis by Hebb and Cusimano 34 resulted in an improvement rate of 59% after shunt implantation in iNPH patients and a long-term improvement rate of 29%. With 68% good and very good outcomes and 20% fair outcomes (see Fig. 6 ) (ie, with a general improvement rate of 88%), the results of our study range markedly above these international figures. The experience of our group in the diagnostics and therapy of patients with NPH 4, 5, [8] [9] [10] [11] [12] [13] [14] [15] is definitely a factor in our achievement of outcomes that are better than those reported in the international literature. Nevertheless, our results must be attributed, essentially, to the design principle of the 2 valves used by us, which take account of the variable posture of the patient. At the same time, the importance of diagnosing and treating NPH at an early stage must be emphasized, because in a later stage, cerebral autoregulation disorders have set in and negatively affect the outcome after shunt implantation. Delaying the diagnosis can irreversibly affect a patient's cognitive potential. 32 Therefore, sensitive diagnostics (see Fig. 1 ) and appropriate therapy (see Figs. 2, 3) based on the diagnosis are essential for the outcome of the NPH patient. 33 
Complications
Grumme et al. 33 reported a mortality rate of 0% to 6% and an incidence of overdrainage effects of 6% to 20% among NPH patients who underwent a shunt operation. Hebb and Cusimano 34 give a complication rate of 38%, a revision rate of 22%, and a combined figure of 6% for the incidence of lasting neurologic deficits and mortality. Again, the figures produced by our study, 1% mortality and 7% overdrainage, are below the reported findings. 27, 35 Our results concerning the perisurgical and postsurgical complication rates (21%) are also at the lower end of the range of 20% to 40% given by Vanneste. 30 The low incidence of overdrainage cases (7% according to radiologic criteria and 3% symptomatic) compared with the results achieved with conventional shunts should especially be here. Similarly, good results are reported in a European multicenter study in patients with hydrocephalus internus of varying causes who had an Orbis Sigma II flowcontrolled valve implanted. 36 The observations that the patient spends a major part of his life standing or sitting up and that shunt patients present with completely different physical conditions in these postures than when they are lying down 37 were only taken account of with the development of hydrostatic shunts. The hydrostatic valves helped to reduce the risk of overdrainage related to the design principle of the valve, but they also introduced problems of underdrainage. Four patients (3%) in our sample group had to undergo revision surgery because of underdrainage, which could be detected clinically and in intrathecal infusion tests. These 4 patients had a DSV with a lower pressure rating for the horizontal position implanted.
A review of the international literature on the subject of underdrainage after shunt operations produces grave inconsistencies and discrepancies in the definition and classification of postoperative complications. Some authors calculated the total number of complications, whereas others took into account only the mechanical complications, neglecting the infections. Drake et al. 38 include underdrainage in complications involving occlusions and define overdrainage as subdural hygromas and slit ventricle syndrome. Boon et al. 39 and Zemack and Romner 40 do not define underdrainage at all and describe subdural hygromas as well as some clinical symptoms of overdrainage as overdrainage as such. In our opinion, one should only refer to functional underdrainage if the selected valve pressure rating is too high, if the actual opening pressure is higher than the nominal pressure rating because of manufacturing errors or changes in the valve's functionality in vivo, or if the CSF drainage is reduced because of an increase in intraperitoneal pressure caused by adiposity or CSF resorption insufficiency (eg, in a pseudocyst). In the British Shunt Registry, 41 which includes more than 9000 cases, underdrainage is the dominant complication at 52%. In the same report, overdrainage as a cause for postoperative complications is quoted as rare (3%). In contrast to this, Scandinavian groups assert 23 that 80% of all shunt complications are caused by overdrainage. Regarding underdrainage, a comparison with other valves is made difficult by the facts that only a few publications offer a clear statement about this complication and that this complication is not sufficiently well defined or recorded in most comparable studies with NPH patients. From a clinical point of view, cases of torn-off abdominal catheters just under or out of the DSV, as found in 3 patients (2%), can only be discussed as a material and/or technologic problem. Explanations for this phenomenon should be a matter for the developer or manufacturer.
Valve Opening Pressure Rating
For patients undergoing a second operation because of overdrainage or suspected underdrainage, the implantation of a Codman Medos Hakim programmable valve with an additional antisiphon device as a shunt assistant for the vertical posture of the patient could be the alternative. This treatment was chosen for most of our revision operations attributable to symptomatic overdrainage. Codman Medos Hakim valves have also received positive assessments for NPH patients. [42] [43] [44] A Dutch multicenter study 39, 45 reported significantly improved clinical development for patients with NPH if lowpressure standard valves had been implanted compared with the implantation of medium-pressure standard valves. The price for this advantage was a higher overdrainage rate (73% vs. 34%), however. No statement was made concerning the clinical relevance of this postoperative complication, which is described as subdural hygromas in that study. Such complication rates can only be called exceptionally high. In line with the findings of the Dutch multicenter study, 39, 45 the outcome for patients with iNPH who had a gravitational valve with a 50-mm H 2 O low-pressure stage implanted turned out to be significantly better than for patients provided with a gravitational 100-mm H 2 O or 130-mm H 2 O low-pressure stage (see Fig. 8 ). Although there is a difference between the valve opening pressure ratings with an overdrainage rate of 10% (low pressure valves) versus 4% (medium pressure valves) the advantage of the gravitational valves implanted by us, compared with the Dutch study, is obvious.
Complications Versus Valve Type
In the course of the clinical evaluations, we were surprised by the observation that all overdrainage type complications in patients of the 50-mm H 2 O valve group only occurred with the DSV but never with the GAV. In our opinion, the reason must be the different functional properties of the gravitational components of the 2 valves. The gravitational unit of the GAV is already activated at a posture of approximately 30°to 40°from horizontal, whereas the DSV only comes into action at approximately 60°to 70°from horizontal. Despite having informed the patients otherwise, patients with a DSV implanted probably used 2 pillows at night for sleeping or took their afternoon nap in an easy chair in an inclined posture. Therefore, the gravitational component of the DSV was not activated, which resulted in a higher incidence of overdrainage with this type of valve.
CONCLUSION
According to current findings, hydrostatic shunt systems with an opening pressure of 50 mm H 2 O in the low-pressure stage are the optimal therapy option for patients suffering from iNPH. Because of the prompt switching function as soon as the patient changes his posture (eg, lying down, standing, sitting), the GAV is more suitable for such cases than the DSV. Can programmable gravitational valves contribute to further optimization of the outcome while minimizing the valverelated complications?
